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The  intervalence  absorption  in  InAs/InGaSb/InAs  type-II  4  pa n  quantum  well  laser  structure  was 
investigated  using  band-edge  nonlinear  pump-probe  spectroscopy  techniques  where  two  pump 
beams  chopped  at  different  frequencies  are  used  to  excite  the  sample.  The  spectrally  resolved 
probe  nonlinearity  is  measured  at  the  sum  frequency.  Given  their  different  characteristic 
nonlinearities,  the  contribution  of  the  intervalence  absorption  process  (IV A)  was  resolved  from 
that  of  the  interband  gain  dynamics.  The  IVA  absorption  occurs  at  in-plane  momentum  k\\  ~ 

0.025  A  and  is  not  resonant  with  the  interband  lasing  energy,  therefore  does  not  compete  with 
the  interband  transition  at  low  temperature  and  low  carrier  densities.  A  density  dependent 

0.17 

interband  transition  matrix  element  of  N  was  deduced  reflecting  the  enhancement  of  the 
electron  hole  wavefunction  overlap  due  to  the  space-charge  fields  in  the  type-II  wells.  Significant 
lattice  heating  observed  above  80  K  is  reflected  in  the  growth  of  an  out  of  phase  slow  signal, 
resulting  from  the  reduction  of  lattice  thermal  conductivity  and  the  IVA  resonance  enhanced 
nonradiative  Auger  recombination  transitions  at  higher  temperatures.  Thermal  diffusion  times  of 
the  order  of  ~  100  ps  that  increases  with  temperature  were  measured. 
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Introduction 


Type-II  quantum  well  (QW)  antimonide  based  MIR  lasers  have  advanced  rapidly  since 
their  first  demonstration  in  1994  [1],  with  peak  power  outputs  reaching  5  W  at  low  temperatures 
[2].  However  their  performance  at  high  temperatures  fall  short  of  theoretical  expectations. 
Ongstad  et  al.  investigated  the  effect  of  indium  content  in  strained  InAs/InxGai.zSb/InAs  active 
layers  [3].  They  measured  an  improvement  in  the  characteristic  temperature  and  differential 
quantum  efficiency  with  increased  indium  content  and  attributed  the  improvement  to  the  onset 
and  enhancement  of  hole  confinement  in  the  InGaSb  layers.  Intervalence  band  absorption  (IV A) 
that  is  resonant  with  the  interband  lasing  energy  has  been  suggested  to  be  the  culprit  for  the  high 
internal  losses  at  higher  temperatures  [4].  More  recent  results  though  suggest  that  no  significant 
loss  increase  due  to  IVA  is  observed  and  that  the  poor  thermal  performance  is  due  to  Auger 
processes  and  the  large  difference  between  the  conduction  and  valence  in-plane  curvatures  [5]. 

The  IVA  absorption  cross  section  is  masked  by  the  stronger  valence-conduction 
interband  gain  transition  and  has  so  far  been  estimated  from  band  structure  calculations  and 
indirectly  deduced  from  external  quantum  efficiency  measurements.  To  resolve  the  intervalence 
absorption  process  we  employed  a  nonlinear  pump-probe  technique  where  two  pump  beams 
modulated  at  different  frequencies  excite  the  sample  and  the  spectrally  resolved  probe 
nonlinearity  is  measured  at  the  sum  frequencies.  We  have  previously  shown  that  the  magnitude 
and  signature  of  the  nonlinear  signal  can  be  used  to  determine  position  of  the  quasi  Fermi  energy 
and  the  carrier  temperature  in  semiconductors  [6].  This  technique  was  also  used  to  investigate 
the  coherent  phonon  generation  mechanism  in  solids  and  distinguish  between  impulsive  and 
displacive  processes  [7]. 
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After  describing  the  sample  and  setup,  the  nonlinear  pump-probe  technique  and  the 
nonlinear  response  of  a  thermal  carrier  distribution  at  different  temperatures  are  discussed.  The 
density  dependence  of  the  interband  transition  matrix  element  is  then  deduced  from  the  measured 
nonlinear  spectra  as  a  function  temperature.  The  intervalence  absorption  was  resolved  from 
simultaneous  fitting  of  the  linear  and  nonlinear  spectra  at  10  K  for  different  carrier  densities. 
Finally  excessive  carrier  and  lattice  heating  for  lattice  temperatures  above  80  K  is  discussed 
showing  evidence  reduced  thermal  diffusion  rates  and  increasing  Auger  rates  at  higher 
temperatures. 


Sample  and  Setup 

The  QW  laser  sample  has  a  characteristic  temperature  of  48  K  and  incorporates  6  type-II 
quantum  wells  separated  by  a  1000  A  thick  integrated  absorber  quaternary  region  latticed 
matched  to  the  GaSb  substrate.  Each  well  has  a  W-structure  comprised  of  24  A  thick 
Ino.2jGao.75Sb  hole  well  sandwiched  by  two  21  A  In  As  electron  wells  [3].  This  amounts  to  ~  40 
nm  effective  width  of  the  active  region.  Empirical  pseudopotential  method  (EPM)  [8]  was  used 
to  determine  the  conduction  and  valence  effective  masses  and  band  nonparabolicities.  EPM 
calculation  suggests  that  for  this  indium  concentration  the  hole  wave  function  is  confined  in  the 
InGaSb  layer  as  opposed  to  being  delocalized  in  the  quaternary  integrated  absorber  region.  The 
conduction  band  has  an  in-plane  electron  mass  of  me y  «  0.035 m0  with  a  nonparabolicity  of  ae 
~1.4,  the  valence  band  has  an  in-plane  hole  mass  of  mm  «  0.14mo  with  a  nonparabolicity  oth~4.5 
[9],  The  energy  levels  in  these  structures  are  inhomogenously  broadened  due  to  InAs-GaSb 
interface  roughness  of  1  mono-layer  [10],  To  account  for  this  broadening,  the  simulated  spectra 
were  convolved  with  a  7  meV  FWHM  Gaussian  function. 
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We  used  an  80  MHz  Ti:Sapphire  pumped  periodically  poled  lithium  niobate  (PPLN) 

OPO  producing  ~  150/s  tunable  idler  pulses  at  ~  4  jum  and  signal  pulses  ~  1/rni.  Two  signal 

pump  pulses  were  used  to  excite  carriers  and  the  gain  spectra  dynamics  was  measured  with  the 

tunable  idler  probe.  The  pump  polarizations  are  parallel  (Pul  ||  Pu2)  and  are  both  perpendicular 

to  the  probe  polarization.  The  two  pumps  are  temporally  delayed  by  less  than  a  pico-second  to 

avoid  generating  a  carrier  spatial  grating  [6].  All  spectra  were  recorded  at  a  probe  time  delay  of 

250  ps  from  the  two  pumps.  This  delay  is  long  enough  to  insure  carrier  thermalization  to  the 

lattice  temperature  while  much  shorter  than  the  ~  6  ns  recombination  time  at  10  K.  Following 

carrier  generation  in  the  integrated  absorber  region  they  cool,  diffuse  to  and  collect  in  the  QWs 

with  a  time  constant  of  ~  20  ps.  The  pump  pulses  are  focused  to  a  180  pm  spot  size  and  the  probe 

is  focused  to  a  70  pm  spot  size.  The  average  pump  fluences  used  in  this  work  ranges  from  20  to 

120  Wcm'2  and  the  estimated  carrier  density  accumulating  in  the  wells  varies  in  the  range  2  to  7 
11-2 

xlO  cm  .  The  highest  fluence  is  denoted  as  Pu0  below.  Since  the  sample  in  not  cleaved  as  a 
laser  structure  we  can  exceed  the  carrier  density  at  threshold.  Measurements  were  done  at 
temperatures  ranging  from  10  K  to  300  K,  the  epitaxial  side  of  the  sample  (laser  side)  was 
pressed  against  the  cold  finger  and  silver  paint  was  used  to  insure  good  thermal  contact.  To 
measure  the  full  spettral  range  covered  by  the  carrier  distribution  (<  60  meV)  the  probe  (idler) 
was  tuned  by  adjusting  the  OPO  cavity  length  with  a  PZT.  The  total  spectral  range  can  be 
covered  by  tuning  the  probe  and  measuring  three  separate  partially  overlapping  spectra.  This 
slight  tuning  did  not  drastically  affect  the  OPO  output.  Slight  changes  in  the  pump  power  (~ 
10%)  were  compensated  with  neutral  density  filters.  The  measured  spectra  were  normalized  with 
the  probe  spectra.  The  spectral  response  of  the  combined  spectrometer/detector  system  was 
determined  using  a  black  body  source  and  used  to  correct  the  measured  spectra. 
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Nonlinear  Pump-Probe 


The  linear  (AT)  and  nonlinear  (AT„l)  transmission  changes  are  given  by, 

AT(N,e)  =  acv(N)  [ fe(N,s )  +fh(N,£)]*C(e)  -  aiyA(£)fh(N,£)  (1) 

ATni(N,  e)  =  AT(N,  s)  -  2AT(N/2,  s)  (2) 

where,  fe  and  fh  are  the  electron  and  hole  Fermi  functions  and  acv,  a/yA  are  the  conduction- 
valence  interband  and  the  intervalence  optical  transition  strengths  respectively.  We  used  a  type-I 

QW  Coulomb  enhancement  factor  given  by  C(s)  =  ^  >  where 


A  =  (e-£g)/  Eex  and  the  exciton  energy  was  taken  to  be  sex=  2  meV.  The  interband  matrix 

element  was  taken  to  be  carrier-density-dependent  to  account  for  the  type-II  nature  of  these  wells 
where  charge  separation  of  the  injected  carriers  induces  band  bending  that  increases  the  electron- 
hole  wave  function  overlap  and  the  optical  transition  strength. 

In  a  lock-in  measurement  with  two  excitation  modulation  frequencies,  a  signal’s 
nonlinearity  is  split  among  a  dc  term,  the  two  fundamental  modulation  frequencies,  their  sum  and 
difference  frequencies.  The  rms  signals  measured  at  the  fundamental  and  sum  frequencies  are 
given  by, 

The  nonlinear  signature  of  the  interband  filling  contribution  consists  of  a  negative 
contribution  (saturating- sublinear  behavior)  close  to  the  band  edge  that  crosses  to  a  positive 
contribution  (superlinear  behavior)  at  an  excess  energy  Ecr.  At  low  temperatures  where  the  Fermi 
energy  is  larger  than  the  Fermi  edge  thermal  smearing  (£/»  2  kBT),  Ecr  is  at  the  Fermi  energy 


(— +^> 
'  n  A  ' 


Signal@fst 


A  Tnl 


(3) 
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E/i  produced  by  one  pump  pulse  and  the  nonlinear  spectrum  is  symmetric  around  that  point.  As 
the  Fermi  edge  thermal  smearing  increases,  the  nonlinear  spectrum  becomes  less  symmetric  and 
the  crossing  energy  increases.  Assuming  a  density  independent  matrix  element  one  can  solve  the 
following  equation, 

f(Ecr,Ef2(N),T)-2f(Ecr,Efl(N/2),T)  =  0  (4) 


to  obtain, 


=  Ef\  +koT*  ln( - ) 

cr  fX  B  \-2exp[-(Ef2-Efl)/kBTY 


(5) 


where  /is  the  Fermi  function  and  Ep,  Ep  are  the  Fermi  energies  for  injected  carriers  M2  (one 
pump)  and  N  (both  pumps)  respectively.  The  Fermi  energy  in  a  QW  of  density  of  states  D  is 
given  by  Ef{N,kBT)  =  kBT*\n[exp{N  /  DkBT)-\] ,  which  in  the  high  temperature  limit  tends  to 


N 

lim  Ef-+kBT*  ln( - )  and  the  Fermi  energy  difference  tends  to 

r-Ko  J  DkBT 

lim  (E  f2  -  E n)  kBT* ln(2) .  As  the  temperature  increases,  the  Fermi  energy  Ep  decreases 
T-+co  J  J 

and  goes  below  the  band  gap  for  a  nondegenerate  distribution,  but  the  second  term  in  Eq.  (5) 
increases  and  diverges  for  Ep  -  Ep  =  A£7*ln(2)  more  than  offsetting  the  decrease  in  Ep. 


Results  and  Discussion 

In  Fig.  1  we  show  the  nonlinear  spectra  plotted  for  different  lattice  temperatures  at  low 
carrier  injection.  It  will  be  shown  later  that  the  IV A  transition  is  not  resonant  with  the  band  edge 
and  does  not  occur  at  &n=0,  therefore  its  contribution  can  be  ignored  for  low  carrier  injection  and 
low  excess  energies.  The  crossing  energies  (Ecr)  for  the  spectra  of  Fig.  1  are  plotted  in  Fig.  2. 
They  do  not  increase  with  temperature  as  expected  from  Eq.  5.  Also  displayed  in  Fig.  2  are  the 
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I 

calculated  crossing  energies  for  a  density  independent  matrix  element  and  for  a  matrix  element 

0.17  .  ...  .  . 

proportional  to  N  taking  into  account  the  electron  and  hole  distributions.  A  carrier  density 
dependent  interband  matrix  element  is  clearly  required  to  fit  the  measured  data  in  accord  with 
what  is  expected  for  a  type-II  QW.  In  their  modeling  of  Sb-based  type-II  quantum  cascade  lasers, 
Liu  et  al.  found  that  the  carrier  induced  screening  field  results  in  a  10%  gain  increase  for  a 

18  -3 

carrier  density  of  1 0  cm  in  comparison  to  a  flat  band  model  where  the  field  is  not  accounted 
for  [11].  This  screening  field  also  results  in  an  energy  blue  shift  that  counters  the  many-body- 
induced  red  shift  of  the  gain  spectrum. 

The  linear  and  nonlinear  spectra  measured  at  10  K  for  three  injected  densities  (Pu0,  PuJ2 
and  PuJ5)  are  plotted  in  Fig.  3.  The  thin  line  traces  are  the  simulated  spectra  taking  into  account 
only  the  interband  transition  (acv).  The  simulation  matches  well  (deviates  from)  the  measured 
spectra  below  (above)  0.33  eV  for  both  the  linear  and  nonlinear  spectra.  This  suggests  that  the 
intervalence  absorption  is  not  resonant  with  the  band  edge  and  is  expected  to  be  significant  only 
above  0.34  eV.  To  account  for  the  deviation  in  the  high-energy  side  of  the  measured  and 
simulated  spectra  we  assume  the  following  simplified  IVA  form, 

a iv A  QM~[E~ElVA]2 )  * [1  +  ^P(Ejh,  —-)]1  (5) 

Ajva  kBT 

where  cciva  is  the  intervalence  transmission  matrix  element,  Ejva  is  the  energy  resonance  between 
the  upper  valence  band  and  the  lower  valence  band  where  the  absorption  originates,  A iva  is  the 
energy  width  of  that  resonance,  the  second  term  is  the  hole  Fermi  function.  The  hole  Fermi 
energy  Ejh  determines  the  available  density  of  empty  hole  states  in  the  upper  valence  band  for 
intervalence  absorption  at  an  excess  hole  energy  E0.  Naturally  E0  determines  the  in-plane 
momentum  fty  value  where  the  intervalence  absorption  resonance  takes  place.  A  schematic  figure 
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of  the  band  structure  showing  the  intervalence  and  interband  transitions  are  presented  in  Fig.  4. 
The  parameters  Ejva  and  A IVa  are  roughly  determined  from  the  position  of  maximum  deviation 
between  the  measured  and  interband-only  simulated  spectra.  In  addition,  only  a  unique  set  values 
for  Uiva  and  E0  are  capable  of  simultaneously  accounting  for  the  magnitude  of  the  deviation  in 
the  linear  and  nonlinear  spectra  according  to  Eqs.  (1)  and  (2).  The  dotted  traces  represents  the 
simulation  taking  into  account  both  the  intervalence  and  interband  contributions  resulting  in  a 
much  better  fit  throughout  the  measured  range  for  both  spectra.  The  parameters  used  to  fit  the 

spectra  are  acv  ~  2000  cm  ,  ccjva  ~  20000  cm  ,  E0  ~  -16  meV  (&n  ~  0.025  A  ),  Ejva  ~  0.345  eY, 
A ,va  ~  0.013  eV.  The  injected  carrier  density  in  the  wells  was  found  to  saturate  with  incident 

Pu  .... 

powers  as  //[Pm]  oc  — — ^ - ,  it  is  possible  that  this  saturation  is  due  to  the  limited 

1  +  P/(\.6Pu0) 

confinement  depth  of  the  quantum  wells  leading  to  carrier  detrapping  from  the  wells.  For  better 
fit,  a  carrier  heating  of  ~  10  K  per  pump  pulse  was  assumed.  This  is  consistent  with  observed 
slow  cooling  and  residual  heating  for  carrier  temperatures  below  the  optical  phonon  temperature 
[12]. 

Using  the  intervalence  absorption  parameters  we  estimate  an  absorption/loss  of  ~  400 
cm'1  at  Pu=Pu0.  Though  this  large  value  does  not  affect  lasing  at  low  temperatures  since  the  IVA 
transition  is  not  resonant  with  the  interband  transition  in  either  in-plane  momentum  or  energy.  In 
a  lasing  situation  the  total  carrier  density  is  clamped  at  about  PuJ5  where  the  hole  population  at 
Eh  =  E0  is  negligible.  At  higher  temperatures  the  hole  population  at  E0  increases  along  with  the 
IVA  transitions.  In  a  laser  operation  this  absorption  is  not  only  a  passive  internal  loss  mechanism 
since  it  also  causes  heating  of  the  holes  that  clamps  intracavity  lasing  power.  In  addition  a 
significant  hole  population  at  E0  leads  to  resonance  enhancement  of  the  Auger  process,  which 
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further  increases  carrier  heating.  In  fact,  luminescence  correlation  (excitation  correlation) 
measurements  point  to  a  sharp  drop  in  the  carrier  lifetime  from  6  ns  at  10  K  to  1  ns  at  150  K  at  a 
density  equivalent  to  PuJ2. 

For  Pu  >  PuJ2,  the  curve  fitting  starts  to  deteriorate  above  80  K  with  indications  of  both 
excess  carrier  and  lattice  heating  in  excess  of  50  K  per  excitation  pulse  at  1 50  K.  Carrier  heating 
is  reflected  in  the  slope  of  the  linear  spectrum  high  energy  tail.  Lattice  heating  is  deduced  from 
the  appearance  and  growth  of  an  out  phase  (quadrature)  signal  measured  at  chopping  frequencies 
of  the  order  of  2  KHz.  This  indicates  the  presence  of  a  slow  signal  that  builds  up  and  decays  with 
a  time  constant  of  the  order  of  100’s  of  ps  time  scale  suggesting  a  lattice  heating  effect.  The 
quadrature  signal  is  not  measurable  at  10  K.  The  in-phase  and  quadrature  signals  are  plotted  in 
Fig.  5  for  temperatures  80  K  (a)  and  180  K  (b).  At  180  K  the  quadrature  signal  is  larger  than  the 
in-phase  signal  that  represents  the  carrier  contribution.  In  principle,  the  slow  signal  can 
contribute  to  both  the  in-phase  and  quadrature  signals  according  to  its  phase  that  is  determined 
by  its  time  constant.  This  slow  signal  develops  from  heating  modulation  and  its  effect  on  the 
dielectric  constants  possibly  through  modulating  the  strain  in  the  heterostructure  and  therefore 
the  band  structure.  We  directly  measured  the  buildup  and  recovery  of  the  heating  contribution  for 
different  lattice  temperatures  by  averaging  the  transmission  signal.  The  traces,  shown  in  Fig.  6, 
were  acquired  at  negative  time  delay  (probe  preceding  the  pump)  and  at  ~  50  meV  above  the 
band  edge  to  preclude  any  carrier  contributions.  The  inset  shows  the  variation  of  the  extracted 
thermal  diffusion  time  constant  as  a  function  of  the  lattice  temperature.  The  values  of  the 
diffusion  time  constant  suggest  a  radial  diffusion  process  where  the  time  constant  is  proportional 
to  the  excited  area  and  inversely  proportional  to  the  thermal  conductivity.  The  average  thermal 
conductivity  for  the  QW  well  constituents  decreases  from  ~  15  W.cnT'.K'1  at  20  K  to  ~  0.3 
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W.crrf'.K'1  at  300  K  [13].  Using  these  values  we  estimate  an  average  radial  diffusion  times  of  5 
/js  at  20  K  and  125  jjs  at  300  K.  These  estimates  are  smaller  than  those  measured  in  the  inset  of 
Fig.  6.  This  discrepancy  could  be  attributed  to  the  effect  of  interface  roughness  on  the  radial 
thermal  conductivity  in  nanoscale  heterostructures  [14].  The  growth  of  the  thermal  signal  with 
lattice  temperature  is  related  to  the  decrease  of  the  thermal  conductivity  rates  along  with  the 
increase  in  the  nonradiative  recombination  rates.  As  noted  before,  no  slow  thermal  signal  is 
measured  at  10  K  lattice  temperature  despite  the  fact  that  a  10  K  heating  per  pulse  was  deduced 
from  curve  fitting  of  the  linear  and  nonlinear  spectra  (Fig.3).  Therefore  it  is  reasonable  to 
conclude  that  the  measured  heating  at  higher  lattice  temperatures  exceeds  50  K  per  pulse.  This 
excess  heating  resulting  from  increased  nonradiative  recombination  and  decreased  thermal 
conductivity  more  than  compensates  for  increases  in  the  lattice  and  carrier  heat  capacities  with 
temperature.  Thermal  diffusion  along  the  growth  direction  should  be  orders  of  magnitude  faster 
than  the  radial  diffusion  due  to  the  much  stronger  thermal  gradient  in  that  direction.  Estimating 
the  thermal  diffusion  time  along  the  growth  direction  requires  knowledge  of  the  thermal 
resistance  along  various  interfaces  in  the  hetero structure.  To  avoid  this  heating  buildup,  laser 
operation  is  usually  limited  to  32  pm  pulses  of  1%  duty  cycle  [2].  At  the  lasing  threshold  for 
lattice  temperature  of  180  K,  the  average  power  density  (average  power)  used  in  Ref.  [2]  is  the 
same  magnitude  as  (~14  times  greater  than)  that  used  in  this  work  at  50%  duty  cycle.  We  note 
that  persistent  heating  in  excess  of  50  K  lasting  for  hundreds  of  picoseconds  has  been  observed 
in  luminescence  measurements  in  narrow-band-gap  superlattices  [15]. 
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Conclusion 


A  nonlinear  pump-probe  technique  was  used  to  characterize  the  intervalence  absorption 

0.17 

in  Sb-based  QW  MIR  lasers.  A  density  dependent  interband  transition  matrix  element  of  N 
was  deduced  reflecting  the  enhancement  of  the  electron  hole  wavefunction  overlap  due  to  the 
space-charge  fields  in  the  type-II  wells.  The  IVA  absorption  occurs  at  in-plane  momentum 

fcn=0.02  A 1  and  therefore  does  not  compete  with  the  interband  transition  at  low  temperature  and 

12 

low  carrier  densities.  Accumulated  carriers  in  the  well  have  a  saturation  sheet  density  of  1.5x10 

cm’  .  Significant  lattice  heating  above  80  K  is  reflected  by  the  growth  of  an  out  of  phase  slow 
signal.  Carrier  and  lattice  heating  are  in  excess  of  50  K  per  pulse  at  150  K  lattice  temperature. 
This  heating  results  from  the  reduction  of  lattice  thermal  conductivity  and  the  IVA  resonance 
enhanced  nonradiative  recombination  at  higher  temperatures.  Thermal  diffusion  times  of  the 
order  of  ~  100  ps  that  increases  with  temperature  were  deduced. 
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Figure  Captions 


FIG.  1.  The  sum  frequency  spectra  for  different  lattice  temperatures  at  low  carrier  injection  (. Pu 
=  PuJ 5)  and  250  ps  probe  delay. 

FIG.  2.  Measured  crossing  point  from  Fig.  1  and  the  calculated  crossing  energy  as  a  function 
carrier  temperature  for  density  independent  matrix  element  and  for  a  matrix  element  proportional 
to  A'0'17,  simulating  a  type-II  quantum  well.  Lines  are  only  a  guide  for  the  eye. 

FIG.  3.  The  linear  and  sum  frequency  spectra  measured  (thick  faint  lines)  at  10  K  and  250  ps 
probe  delay  for  three  injected  densities  (Pu0,  PuJ2  and  PuJ 5).  The  thin  line  traces  are  the 
interband  transition  only  simulated  spectra,  and  the  dotted  traces  represents  the  simulation  taking 
into  account  both  the  intervalence  and  interband  transitions. 

FIG.  4.  Schematic  figure  of  the  band  structure  showing  the  interband  (acv)  transition  and  the 
intevalence  (awA)  transition.  The  intervalence  absorption  energy  spread  (A iva)  would  be 
determined  by  the  curvature  of  the  deep  hole  band  where  IVA  originates. 

FIG.  5.  The  in-phase  (dark  line)  signal  representing  the  injection  carrier  contribution  and 
quadrature  (faint  line)  signals  representing  lattice  heating  measured  at  a  delay  of  250  ps  for 
temperatures  80  K  (a)  and  180  K  (b). 

FIG.  6.  Buildup  and  recovery  of  the  thermal  contribution  to  the  transmission  signal  is  plotted  for 
different  lattice  temperatures.  Traces  were  averaged  in  a  digital  scope  and  were  recorded  at  a 
negative  delay  and  at  ~  50  meV  above  the  band  edge.  The  extracted  diffusion  time  constant  is 
plotted  in  the  inset.  The  pump  was  modulated  with  an  acousto-optic  modulator. 
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Figure  1 
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